Statement of problem. Yttria-stabilized zirconia used for the fabrication of crowns and fixed prostheses may require intraoral adjustments after placement and cementation. Grinding and polishing methods may result in changes in the surface characteristics of zirconia.
Zirconia is an oxide ceramic consisting of a pure crystalline matrix having 3 allotropes: monoclinic, tetragonal, and cubic. [1] [2] [3] Monoclinic zirconia exists below a temperature of 1170 C and is the weakest of the 3 allotropes. Tetragonal zirconia occurs within the range of 1170 C to 2370 C, while cubic zirconia is found at temperatures higher than 2370 C.
The physical and mechanical properties of tetragonal zirconia are important when it is used as a dental material. This phase is stabilized at room temperature by the addition of compounds such as yttria (Y 2 O 3 ) or magnesia (MgO) to form partially stabilized zirconia. This mixture of zirconia in different phases has Results. The polishing procedures increased surface roughness (Ra) of yttria-stabilized zirconia from 0.52 for the control specimen to 0.73 for Intensiv, 0.70 for Shofu, and 0.70 for 3M ESPE (P<.05), which was reduced by thermocycling to 0.44 (control), 0.58 (Intensiv), and 0.58 (Shofu) (P<.001), while roughness remained unchanged for 3M ESPE specimens (0.75; P=.452). The deposition of aluminum when using Shofu abrasives and nickel in Intensiv was demonstrated. Phase changes were observed on the zirconia surface with formation of the monoclinic phase in all polishing methods. Specimen aging enhanced the surface phase changes and also induced compressive stresses in zirconia polished with Intensiv. The different polishing protocols did not affect the wear to the antagonist (P>.05).
Conclusions.
Polishing zirconia increased surface roughness and led to surface phase changes, but wear to the antagonist was not affected. (J Prosthet Dent 2016;-:---) greatly improved mechanical properties. Zirconia has high flexural strength and fracture toughness compared with other ceramics and can be used to replace metal frameworks in crowns and fixed dental prostheses. [1] [2] [3] Ahead of a crack tip, zirconia can undergo transformation toughening by transforming the tetragonal zirconia into monoclinic zirconia. Monoclinic zirconia is less dense than tetragonal zirconia because of a resultant expansion of approximately 4%. This produces a compressive stress, which counteracts the external tensile forces and acts to interrupt crack initiation and the propagation of preexisting cracks. Physical and chemical changes have been shown to occur in zirconia during processing procedures.
Various factors have been shown to affect the flexural strength of zirconia. These include speed of polishing, use of airborne-particle abrasion, type of surface preparation, and polishing procedures. Continuous high-speed grinding, as opposed to periodic grinding, with a highspeed handpiece can affect the flexural strength of zirconia. 4 Similarly, airborne-particle abrasion increases the zirconia flexural strength, 5 as this activates the phase transformation change from tetragonal to monoclinic, [5] [6] [7] [8] while surface treatments such as argon ion bombardment, and gas plasma results cause limited damage.
Mechanical surface polishing is also affected by the type of particle used, with zirconia causing less damage than alumina. 9 Damage or roughening caused by polishing can also be reduced by using finer particles, but this weakens the material's surface by increasing microfractures and decreasing fracture toughness. However, coarse polishing has the opposite effect. 10 Finishing procedures such as glazing reduce flexural strength, 11 and additional firing for veneering porcelain does not accelerate low-temperature degradation. 12 Overall, most of the zirconia polishing systems available show clinically acceptable results, with limited surface roughness and no phase transformation occurring during polishing procedures. 13 Aging also reduces the strength of zirconia significantly with monolithic phase formation. 14 The resistance to fracture and the phase stability are susceptible to hydrothermal and mechanical conditions. 14 Thus, the final surface roughness of the zirconia is important as it affects antagonist wear. High-luster polishing has been preferred over glazing of zirconia because it produces less surface roughness and less antagonist wear. [15] [16] [17] [18] [19] The objectives of this study were to assess the in situ effect of polishing procedures on surface roughness, the topographical and phase changes of yttria-stabilized zirconia, and the wear of the opposing dentition. The null hypotheses were that polishing systems would not show a significant difference in the surface roughness, in the phase change of zirconia, or on the wear of opposing natural teeth.
MATERIAL AND METHODS
Specimens were cut from zirconia (ZrO 2 , Y 2 O 3 ) blocks (Katana Zirconia HT; Kuraray Noritake) with a grain size of <0.5 mm, flexural strength of >900 MPa, and fracture toughness of 5 MPa$m ½ . A water-cooled electrical precision diamond wire saw (Well; Walter Ebner) with blade diameter of 0.17 mm and 30 mm roughness was used to cut the specimens. The surfaces of the sectioned specimens were polished manually with P2400 grit silicon carbide paper (Struers) under water cooling until a flat surface was obtained and the thickness was verified with a digital micrometer (Mitutoyo). The specimens were then sintered in a high-temperature furnace (LHT02L16; Nabertherm) at 1500 C for 7 hours according to the manufacturer's instructions. Finally, specimens of 1200×1200×260 mm ±20 mm were obtained after sintering (10×10 mm). Three grinding and polishing methods were investigated. The types of grinding methods used are shown in Table 1 .
The zirconia specimens were individually clamped on a fixed device to avoid movement during preparation. Three out of 4 equally divided portions of the specimens were polished with the same procedure to ensure repeatability of the readings from the same specimen, leaving 1 section unprepared to be used as control. Each specimen was then polished systematically for the corresponding duration ( Table 2 ). The time allowed for each finishing procedure was collectively 60 seconds for the use of multiple types of rotary instruments. A high-speed handpiece with water spray coolant (Sirona) was used for SH (Shofu) and IN (Intensiv) polishing rotary instruments, while the slow-speed handpiece (Sirona) was used for the M (3M ESPE) polishing rotary instruments. After preparation, the specimens were characterized, thermocycled, and remeasured. 
Clinical Implications
The use of high-speed polishing rotary instruments is contraindicated for clinical use because of nickel contamination, phase changes in zirconia, and the resultant surface roughness.
The surface roughness, phase, and microstructural changes induced by specimen grinding were investigated before and after thermocycling for 3000 cycles (THE 1100; SD Mechatronik) in distilled water at an alternating temperature of between 5 C and 55 C. The specimens were characterized by energy-dispersive spectroscopy (EDS) and x-ray diffraction analyses (XRD).
Surface analysis of zirconia surfaces was carried out using noncontact 3-dimensional (3D) optical profilometer (Xyris 2000WL; TaiCaan Technologies) based on a precision motion system and a confocal polychromatic (white) light optical probe to measure the displacement at the material surface over a specified area. The region measured (2×2 mm) was at the center of each specimen, where measurements were made for 201 points on the x-axis and 201 points on the y-axis. The data were subsequently analyzed for the changes in real roughness using software (BODDIES) of the profilometer. BOD-DIES is a software suite for the analysis and visualization of surface topography data. Software tools are included for the extraction of quantitative textural and geometric characterization of both profile (2-dimensional) and areal (3D) parameters. Average surface roughness (Ra) and mean root square roughness (Rq) were measured in triplicate. The measurement of these parameters enabled the comparison of the treated specimens with the control and with each other. EDS analysis of thermocycled and nonthermocycled specimens was carried out to assess the elemental composition of the materials. The zirconia specimens were mounted on aluminum stubs, coated with carbon, and viewed with a scanning electron microscope (Zeiss MERLIN Field Emission SEM; Carl Zeiss NTS GmbH).
XRD was used to analyze the crystalline structure of the zirconia specimens. X-ray diffraction analysis was performed both on the zirconia surface in grazing incidence asymmetric Bragg (GIAB) mode and also in Bragg Brentano geometry. The diffractometer (D8 Advance; Bruker) used CuKa radiation at 40 mA and 45 kV, and the detector was rotated between 20 and 70 degrees with a step of 0.02 degrees 2q and a step time of 0.5 seconds. The specimens were continuously rotated at 15 revolutions per minute. Near-surface analysis was performed using a Rigaku Ultima IV with a CuKa source set in grazing incidence mode with an incidence angle of 3 degrees. The diffractometer was operated at 40 mA and 45 kV from 20 to 70 degrees 2q range with a sampling width of 0.05 degrees, and a scan speed 0.5 degrees/ minute. The specimens were again continuously rotated at 15 revolutions per minute. Phase identification was accomplished using a search match software indexing the peaks against Power Diffraction Files (PDF) data provided by the International Centre for Diffraction Data (ICDD).
A mastication simulator (SD Mechatronik GmbH) was used to assess the degree of wear to the antagonist in contact with a zirconia surface. For wear testing, antagonists consisted of steatite ball 6 mm in diameter, which effectively represented the enamel cusps of the teeth. Steatite balls have been used to replace tooth antagonists in a previous study. 20 The antagonists as well as the zirconia specimens were embedded in special holders with autopolymerizing polymethyl methacrylate (PMMA). A layer of paraffin wax was used to cover the underside of the steatite ball to avoid adhesion to the PMMA. The parameters chosen for the mastication simulator were a loading force of 50 N with 250 000 cycles, vertical speed of 30 mm/second, and a lateral movement of 0.7 mm from forward to backward. [21] [22] [23] The number of cycles was sufficient to cause changes in the antagonist. 21 An average of between 240 000 and 250 000 mastication simulator cycles conforms with 1 year of in vivo wear. 22 The difference between using no lateral movements and 0.7 mm lateral movements led to 8 times more wear. 23 A force of 50 N was used as this is the average force found between the antagonists orally. 23 High-impact velocity (60 mm/second) would produce a bouncing effect in a single mastication cycle because of the stiffness of the specimen. 24, 25 Therefore, half that impact velocity was used to avoid the bouncing effect. The testing was performed under water for approximately 36 hours at a frequency of 1.8 Hz. The specimens were thermocycled for 3000 cycles before testing.
The wear on the steatite balls was assessed by profilometric analysis. The 3D image created by the profilometer scan was leveled across the wear surface. From this graph, the width of the worn area was calculated with the following formula:
where VCAP is the volume of a sphere, h is the wear height calculated by the Pythagoras theorem from the width of worn area, and R is the radius of the sphere. The steatite ball was assumed to be a perfect sphere with a radius of 3 mm, and on this basis, the percentage of residual height and volume of the steatite ball after mastication simulation was calculated. The data were evaluated using statistical software (PASW Statistics v18; SPSS Inc). Parametric tests performed as Kolmogorov-Smirnov tests on the results indicated that the data were normally distributed. ANOVA (a=.05) and the Tukey-Kramer post hoc test (a=.05) were used to perform multiple comparison tests.
RESULTS
The polishing procedures increased the surface roughness (Ra) of yttria-stabilized zirconia (Fig. 1 ) from 0.52 mm for the control specimen to 0.73 mm for Intensiv, 0.70 for Shofu, and 0.70 mm for 3M ESPE (P<.05), which was reduced by thermocycling to 0.44 mm (control), 0.58 mm (Intensiv), and 0.58 mm (Shofu) (P<.001), while roughness remained unchanged for the 3M ESPE specimens (0.75 mm; P=.452).
Zirconia exhibited peaks for zirconium, yttrium, oxygen, and hafnium according to the EDS spectra (Fig. 2) . The elemental composition did not vary with or without thermocycling for all specimens except those polished with SH abrasives. SH polished nonthermocycled specimens showed traces of aluminum, but they were eliminated after thermocyling.
The XRD analysis of the nonthermocyled and thermocycled specimens (Fig. 3A) showed peaks (111), (200), (220), (311), (222) for yttrium zirconium oxide (ICDD: 04-016-2103) in the tetragonal phase. Thermocycling led to a peak shift to the left of the ordinate in the zirconia polished with IN (Fig. 3A, inset) . The surface XRD analysis of the nonthermocycled control specimens showed peaks of tetragonal (ICDD: 04-06-2103) yttrium zirconium oxide (111), (200), (220), (311), (222) (Fig. 3B ). All the polished specimens exhibited the same peaks except for IN which demonstrated additional peaks for monoclinic (ICDD: 04-005-4476) yttria-stabilized zirconia (111) and Ni (111) and Ni (200) (ICDD: 04-013-4763). However, all thermocycled specimens exhibited peaks of monoclinic yttrium zirconium oxide peak (111) together with the tetragonal peaks. The peaks Ni (111) and Ni (200) of the IN polished specimens were present before and after thermocycling.
The zirconia specimens did not show signs of wear at the end of the 250 000 cycles. However, steatite balls exhibited observable wear. The zirconia wore the steatite considerably, with a difference in height between the steatite and steatite after contact with the specimens polished using the different regimens (P=.001; control, P<.001; Intensiv, P=.005; Shofu, and P<.001; 3M ESPE) ( Fig. 4) . However, no significant difference was noted between steatite balls in contact with unpolished and polished zirconia (P>.05). Also, no significant difference in residual wear volume was noted (P>.05).
DISCUSSION
In vitro research simulating clinical situations is essential in order to predict material performance in vivo and also the effect it has on the opposing dentition. In this study, zirconia was subject to a simulated process of polishing procedures usually undertaken after insertion when adjustments are necessary. The zirconia would have already been sintered and polished in the laboratory, and the polishing procedures would only serve for polishing the zirconia structure after the modifications undertaken intraorally. The changes are usually performed occlusally to remove any premature contacts and produce a balanced occlusion. 7, 8, 15 Polishing procedures performed in anatomic contour zirconia are of more importance because a highly polished, glossy finish with minimal surface roughness could prevent antagonistic tooth wear during mastication. High-luster polishing has been preferred over glazing of zirconia because it produces less surface roughness and less antagonist wear. [16] [17] [18] [19] In the current study, 3 polishing protocols with finishing rotary instruments and disks were investigated. The surface roughness created by the different polishing methods was assessed using a noncontact optical profilometer. The white light confocal laser together with the use of a noncontact version enabled precise assessment of the wear and surface roughness of both the zirconia and the steatite used to simulate the antagonist tooth. Polishing zirconia specimens increased their surface roughness significantly compared with the control.
Thermocycling enabled the test specimens to encounter other variables normally present in in vivo situations. The temperature fluctuations and exposure to water affected the surface roughness. The surface roughness of the IN and SH polished zirconia specimens decreased after thermocycling, in agreement with a previous study that demonstrated that different aging regimens affected the properties of zirconia. 14 Phase changes in zirconia that occur during polishing procedures may in turn affect the durability of the material during use. Phase changes in zirconia were assessed by XRD using the Bragg-Brentano methodology. Furthermore, because any changes to the zirconia surface may be limited to the very near surface of the materials, grazing incidence diffraction at a fixed angle of 3 degrees was also used to investigate. Using the grazing angle, XRD crystalline structures on the material surface can be assessed because the x-ray beam is directed at a specific angle, as opposed to powder diffractometry, where the bulk of the material is investigated. The zirconia used in the current study was tetragonal and was not affected by the polishing methods. Thermocycling of zirconia after polishing with Intensiv polishers resulted in a peak shift to lower 2q angles, and thus to the left of the x-axis. The peak shift was minimal, indicating stresses in the compressive mode leading to an expansion of the crystal lattice. The surface analyses demonstrated monoclinic peaks of zirconia along with the tetragonal peaks. Thus, zirconia polishing resulted in phase changes on the material surface.
Peaks of nickel were found on the Intensiv polished zirconia before and after thermocycling, which can be ascribed to the Ni binder matrix present in the diamond polishing bur that has contaminated the zirconia specimen. The outer surface analysis of the Intensiv polished zirconia also resulted in monoclinic peak (111) being detected both before and after thermocycling, while the other specimens exhibited this peak only after thermocycling. This observation suggests that polishing with Intensiv induces phase changes with more ease than other treated specimens and that aging enhances the phase changes. Specific conditions were used for mastication simulation and aging to simulate clinical condtions. [21] [22] [23] [24] [25] The experiment was performed underwater, which served as a medium for the removal of any debris from the antagonist and partially simulated the oral environment. The use of steatite balls simulated human enamel when occluded with zirconia in the mastication simulator. Wear by the zirconia specimens was analyzed after the predetermined amount of cycles in the mastication simulator, which indicated the process of wear through time. The use of distilled water as a medium instead of saliva and the use of steatite balls rather than human enamel are limitations of this study.
Results from the mastication simulator have shown that the steatite balls in contact with zirconia were worn compared with the unworn steatite ball, but the volume lost was not significant. The polished zirconia and the control did not differ significantly in wear height and wear volume. Yttria-stabilized zirconia wears enamel with time, as shown in a recent study, 26 but the surface roughness produced by polishing the specimens did not generate significant wear on the antagonists.
Aging was shown to reduce the surface roughness of yttria-stabilized zirconia, and the resultant wear of the antagonist tooth could reduce with time, unlike with other ceramic materials. This is in contrast to other reports on the effects of aged zirconia when in contact with enamel. 27 After artificial aging of zirconia using autoclave and testing, no significant difference between aged and untreated zirconia was observed, as it affected enamel in the same way. 27 
